The results of computer simulation of the dynamics of fullerene C 20 at different temperatures are presented. It is shown that, although it is metastable, this isomer is very stable with respect to the transition to a lower energy configuration and retains its chemical structure under heating to very high temperatures, T ≈ 3000 K. Its decay activation energy is found to be E a ≈ 7 eV.
INTRODUCTION
After the discovery of fullerene C 60 [1] , the interest in carbon clusters has greatly increased, due both to their unusual physical and chemical properties and to their prospects for practical applications [2] . In spite of numerous experimental and theoretical studies, the mechanisms of carbon cluster formation and some of their properties are still not clear.
The smallest of the experimentally observed "three-dimensional" carbon clusters is the C 20 cluster [3] , which is one of the fullerenes with a sphere-like structure having carbon atoms located at their "surface" at the vertices of pentagons or hexagons. In fullerene C 20 , there are only pentagons. A C 20 cluster can exist both in the form of a fullerene (a cage) and in the form of a bowl, ring, chain, etc. (Fig. 1 ). The problem of relative stability of these isomers remains to be fully resolved. Experimental data are still incomplete and inconsistent, and theoretical calculations performed using various methods give appreciably different results [4] [5] [6] [7] [8] [9] [10] [11] . Partly, this is due to the difficulty in finding the correlation contribution to the total energy of the cluster and also to the fact that the differences in the isomer energies are comparable to the errors of calculation in the methods used.
Nevertheless, most authors who use the most exact modern computing algorithms agree that, of all C 20 isomers, the bowl has the minimum energy, whereas the cage is a metastable configuration [8, 11] . At the same time, there is no question that, experimentally [3] , both C 20 bowls and C 20 cages have been synthesized [12, 13] . Thus, there is a question as to why fullerene C 20 retains an energetically unfavorable chemical structure under real experimental conditions and does not pass to the lower energy configuration.
In this study, the energy and structural characteristics of some C 20 isomers are calculated using the tight-binding method with a "transferable" potential of interatomic interaction. The 2 dynamics of fullerene C 20 is studied in detail at different temperatures. It is shown that, although this three-dimensional isomer is metastable, its lifetime under normal conditions is very long because of a high potential barrier separating the metastable state from the lower energy atomic configuration.
II. METHODS OF CALCULATION
To calculate the energies of different configurations of the C 20 cluster, we used the tightbinding method with a transferable interatomic potential suggested for carbon compounds in [14] . This method differs favorably from the majority of empirical approaches and allows one to more correctly determine the contribution of the electronic subsystem to the total energy. Thus, four valence electrons of each carbon atom are taken into account and the interatomic potential is actually an N-particle potential, where N is the number of atoms in the system. Although the tight-binding method is not as exact as the ab initio methods, it adequately describes both small carbon clusters and macroscopic forms of carbon [7, 14] and, in addition, strongly simplifies calculations even for rather large clusters. In particular, in using the molecular dynamics method, this method makes it possible to collect statistics sufficient for estimating the decay activation energy and the lifetime of the metastable state. Earlier, we applied this method in computer simulation of a metastable C 8 cluster [15] [16] [17] [18] .
To find equilibrium and metastable configurations of a C 20 cluster, we used the method of structural relaxation. First, an initial configuration of atoms was chosen, which then relaxed to a state corresponding to a global or local energy minimum under the action of intracluster interactions only. At each time step of the relaxation, the velocities of all atoms were decreased by (1 -10) %, which is equivalent physically to cooling of the system. The time step was t 0 = 2.72 · 10 −16 s, which was approximately equal to one percent of the vibration period for a C 2 dimer.
To determine the decay activation energy of the metastable configuration, we used the method of molecular dynamics with a transferable tight-binding potential (tight-binding molecular dynamics, TBMD [7] ) and a time step t 0 . Calculations were performed at a fixed total energy, which corresponds to the case of a heat-insulating system. The temperature T of the cluster was determined from the formula [15] 3 2
where k B is the Boltzmann constant and E kin is the ion kinetic energy per atom averaged over several vibration periods.
When calculating the forces F i acting on the atoms (i is the atom number), we assumed the electron temperature T el to be equal to T and used the formula
which is a generalization of the Hellmann-Feynman formula to finite temperatures [19, 20] .
Here, U is the classical component of the total energy taking into account the repulsion of atoms at close distances;Ĥ is the electron Hamiltonian in the tight-binding approximation [14] ; |Ψ n and ε n are the eigenstates and eigenenergies ofĤ, respectively (n = 1 − 80); and f (ε n ) is the Fermi-Dirac distribution function. The chemical potential was determined at each step of molecular dynamics simulation from the condition that the total number of valence electrons was constant, N el = 80. To find the effect of the heating of the electron subsystem on the cluster dynamics, we also performed calculations at T el = 0.
The height of the potential barrier preventing the transition of the system from the metastable 4 configuration to a state with a lower energy was calculated by the same method that we used previously in [16] . In this method, calculation reduces to finding the saddle points of the potential energy of the system considered as a function of the coordinates of all atoms.
These saddle points correspond to unstable equilibrium positions of atoms in the cluster and possess the property that infinitesimal deviations from the equilibrium positions result either in relaxation of the system to the initial state or in a transition to a new configuration. To find saddle points, the cluster is deformed continuously in the 3N-dimensional space of atomic coordinates along the direction of the vibration mode with a minimum frequency so that the cluster energy monotonically increases with deformation, while at the same time having local minima in all others directions (orthogonal to the one chosen) [16] .
III. RESULTS
We calculated the structural and energy characteristics of four C 20 isomers: a cage, a bowl ( Fig. 1 ), a ring, and a chain. For each isomer, the binding energy E b was calculated from the formula
where E(C 20 ) is the binding energy of a C 20 cluster and E(C 1 ) is the energy of an isolated carbon atom. The configuration with a maximum energy E b is stable (equilibrium), since its total energy is minimum. The configurations with smaller (but positive) values of E b are metastable; they correspond to local minima of the total energy in the space of atomic coordinates.
We obtained the following values of the binding energy E b per atom: 6.08, 6.14, 5.95, and 5.90 eV/atom for a cage, a bowl, a ring, and a chain, respectively (Table 1) . Our results indicate that the C 20 cage is metastable, which is in agreement with Monte Carlo calculations [8, 11] .
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The bond lengths between the nearest neighbors in the C 20 fullerene are listed in Table 2 ; these results are in good agreement with the results obtained by other authors.
Heating can transform a metastable isomer to another configuration. The characteristic time of such transformation (the lifetime τ ) depends on temperature and the height of the energy barrier separating these configurations. Following general arguments [15] , we can see that the cluster decay probability W per unit time is given by the statistics formula
where the factor W 0 has dimensions of inverse time (s −1 ) and E a is the activation energy for cluster decay. This energy is close to the height of the minimum energy barrier separating the metastable state from the equilibrium state or from another metastable state but can differ from it due to the presence of several different decay paths. The cluster lifetime can be defined
where τ 0 = 1/W 0 . It is convenient to pass over from the cluster lifetime to the critical number of steps of molecular-dynamics simulation N c corresponding to cluster decay:
where
We performed molecular-dynamics simulation of the "life" of the C 20 fullerene at different initial temperatures T of the ionic subsystem; in this way, we directly determined N c as a function of T . Different values of T corresponded to different sets of initial velocities of the cluster atoms V i0 , which were chosen randomly each time (but subjected to the condition
The results obtained are shown in Fig. 2 . Since the nature of the decay of a metastable state is probabilistic, the quantity N c at a given temperature T is not determined uniquely.
Nevertheless, it is seen from Fig. 2 that, in first approximation, the results of simulation are described by Eq. (6), according to which the dependence of ln(N c ) on 1/T is linear. The slope of this line is the activation energy for the cluster decay and is found to be E a = 8 ± 1 eV at the temperature of the electronic subsystem T el = T and E a = 7 ± 1 eV at T = 0. Figure 3 shows the results of calculating the "potential landscape" for a C 20 cluster in the vicinity of the metastable cage configuration (point 1 in Fig. 3 ). Saddle point 2 is the nearest to the cage state and corresponds to a configuration in which two C-C bonds begin to break and two adjoining octagons form (Fig. 4 ). The energy of this configuration is 4 eV higher than that of a cage. Analysis of the data of molecular dynamics simulation shows that, though this configuration actually appears from time to time during thermal vibrations, the cluster does not decay. The reason for this behavior is that the energy of the metastable state at point 3,
which is the nearest to saddle point 2 (Fig. 3) , is only 0.1 eV lower than the energy at the saddle point (visually, atomic configurations 2 and 3 are practically the same; each of them has two octagons). Therefore, after arriving at a new metastable state, the system does not stay there but, due to the thermal motion of atoms, returns (again via saddle point 2) to the vicinity of the initial metastable state at point 1.
Metastable saddle point 4, next to metastable state 3 (Fig. 3 ), corresponds to a configuration in which two C-C bonds are broken and the breaking of the third bond begins, resulting in the formation of a cluster of three adjoining octagons on the "lateral surface" (Fig. 5 ). The energy of this configuration is 4.8 eV higher than that of a cage. Metastable state 5, which is the nearest to saddle point 4, also has three octagons (and three broken C-C bonds). Molecular-dynamics simulation shows that, after passing to metastable state 5, the system can either return to the vicinity of metastable state 1 via saddle points 4 and 2 or pass to metastable state 7 via saddle point 6 (Fig. 3) . In atomic configuration 6, three C-C bonds are broken and the breaking of another bond begins; because of this, four octagons are formed on the lateral surface of the cluster (Fig. 6) . In metastable configuration 7, there are also four octagons. As a rule, the system does not return from this configuration to the original state 1 (we observed such a return only once). Thus, the difference between the energies of configurations 6 and 1 is the height U = 5.0 eV of the minimum potential barrier preventing the cage decay.
Having passed over this barrier and appeared in metastable state 7, the system, in the overwhelming majority of cases, very rapidly passes via saddle point 8 to metastable state 9 ( Fig.   3 ), where it resides for a time corresponding to 10 3 ÷10 4 steps of molecular dynamics simulation.
Configuration 9 has the form of a star and is shown in Fig. 7 . In this symmetric configuration, there are five octagons on the lateral surface of the cluster. The decay of the star leads to the formation of different quasi-two-dimensional or quasi-one-dimensional configurations (Fig. 8) and occurs through transitions via different saddle points (only one of them is shown in Fig.   3 ). No transition occurs to the equilibrium bowl configuration.
IV. DISCUSSION
It should be noted that the problem of the choice of the temperature of the electron subsystem T el in simulating the dynamics of an electron-ion system is not at all trivial. It is shown in [19] that the use of Eq. (2) in integrating the classical equations of motion for ions corresponds to the conservation of the so-called Mermin free energy [22] Ω = E − T el S, where E is the total internal energy of the system and S is the electronic entropy. Generally, the quantity T el does not necessarily coincide with the average ionic temperature T [19] . Calculations of the dynamics of different fullerenes at high temperatures performed in [20] showed, in particular, that the stability of the cluster at T el = T appears to be somewhat lower than at T el = 0 but that there are no basic qualitative distinctions between these two cases. According to [20] , the fragmentation temperature T f r of fullerene C 20 , defined as the temperature above which the metastable configuration decays, is T f r ≈ 3600 K and 4000 K at T el = T and T el = 0, respectively.
According to our data, the activation energy E a for the decay of fullerene C 20 is the same at T el = T and T el = 0 to within the limits of error (see Section 3), although the average value of E a at T el = T is somewhat greater than that at T el = 0. Thus, the cluster dynamics weakly depends on the temperature of the electronic subsystem. Partly, this is due to a rather large gap (0.4 eV) between the energies of the lowest unoccupied and the highest occupied molecular orbital (HOMO-LUMO gap). Here, we should emphasize that the "physical time"
during which we controlled the dynamics of the C 20 cluster for each set of initial velocities (i.e., at each initial temperature) exceeded 1.5 ns, which is two orders of magnitude greater than the corresponding time (about 10 ps) in [20, 23] , where simulations of the thermal stability of fullerenes were performed. Due to this, we could find the temperature dependence of N c (i.e., the cluster lifetime) over a fairly large temperature range and estimate the activation energy E a . Obviously, the lifetime of a metastable state is dependent on temperature. Therefore, it makes no sense to determine (as in [20] ) "the temperature of cluster fragmentation" regardless of the time in which this fragmentation occurs.
Using the calculated energy E a , the lifetime of a C 20 cage at room temperature, τ (300 K), is found from Eq.(5) to be very large (practically, infinite). This result allows us to understand the reason for the success of experiments [3] on the synthesis of metastable C 20 fullerenes. We note that the height of the minimum potential barrier to the decay of a C 20 cage (U = 5.0 eV) is somewhat lower than the decay activation energy E a = (6 ÷ 9) eV determined directly from the molecular dynamics simulation data. This is partly due to the fact that the cluster can decay in different ways by passing through potential barriers of different heights, including those that are higher than the lowest barrier.
In [24] , calculations of the temperature dependence of the relative root-mean-square fluctuation of bond lengths δ led to the conclusion that the C 20 cluster melts at a temperature T m ≈ 1900 K. According to our calculations, δ monotonically increases with temperature without exhibiting any features at T < 3000 K. Moreover, an abrupt cooling of the cluster at any instant prior to its decay results either in its transition to one of the intermediate metastable states (states 3, 5 in Fig. 3 ) or in its return to the original metastable state (state 1). Thus, the problem of melting of the C 20 fullerene at a certain temperature T m requires further study.
Let us now discuss in more detail the character of transition of the C 20 fullerene to other states. Above all, we note that we never observed a transition to the equilibrium bowl configuration with a lower total energy (higher binding energy). As a rule, the decay of the C 20 fullerene begins with a transition to the metastable star configuration via a sequence of several saddle points and intermediate short-lived metastable states (Fig. 3) . For a star (Fig. 7) , the binding energy E b = 5.91 eV/atom is lower than that for a cage. A transition from the cage to the star is accompanied by a decrease in the cluster temperature by (500 -800) K. Over the course of time, the star passes to different (as a rule, quasi-two-dimensional or quasi-onedimensional) configurations with a lower binding energy and the cluster temperature decreases from (3000 -4000) K to (1000 -1500) K. These configurations are very different in structure from both the cage and the bowl (one of such configurations is shown in Fig. 8) . Thus, the ability of carbon structures to form numerous intermediate metastable (but fairly stable) states prevents the transition of the metastable cage to the stable bowl configuration.
V. CONCLUSIONS
The main result of this study is that the metastable C 20 fullerene (cage) was demonstrated to have very high thermal stability with respect to transition to an equilibrium state with a lower total energy. The reason for this stability is the high potential barrier, which prevents the decay of the C 20 cage and the corresponding high decay activation energy. For this reason, the lifetime of the C 20 cage is very long even at room temperature. Therefore, once created at a certain stage of synthesis, a C 20 cage retains its chemical structure.
Although all this applies to an isolated C 20 cage, by analogy to a C 60 cluster, we may hope that a C 20 fullerene-based cluster material (fullerite) exists. In any case, the preliminary data are rather encouraging [21, 25, 26] . Final solution of this problem requires further experimental and theoretical studies, one stimulus for which is the conjecture that the C 20 fullerite (if synthesized)
could be a high-temperature superconductor [27] .
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